Introduction
============

Ovarian cancer (OC) is one of the most lethal gynecologic cancers and has a poor prognosis when diagnosed in the late phase (\< 50 % with a survival rate at 5 years) [@B1]. Unfortunately, early-stage OC exhibit no apparent symptoms, and no effective screening tool is available [@B2]. OC is presumed to arise from lesions involving the ovarian surface epithelium and/or ovarian inclusion cysts [@B1],[@B2], resembling morphological characteristics of the mullerian epithelium. Resistance to chemotherapy is a major factor limiting long-term treatment against OC [@B2], and paclitaxel resistance has been recognized to induce protumor activities [@B3],[@B4].

The PI3K/AKT/mTOR signaling pathway has been documented in most ovarian cancers [@B5], and activation of this pathway is related to advanced tumor stage with poor prognosis. Studies have reported that increased expression of Her-2/*neu*, a member of the EGFR family (epidermal growth factor receptor) is directly associated to the aggressiveness and poor prognosis of breast and ovarian cancer [@B6],[@B7]; however, we need better understand how these mechanisms occur in OC. Her-2 can activate several intracellular signaling pathways, leading to increased rates of proliferation, migration and survival of tumor cells [@B8], especially when the PI3K-AKT complex and MAPK are activated. Furthermore, tumors with increased expression of Her-2 seem to be more tolerant and resistant to endocrine therapies and chemotherapies [@B9]. Therefore, Her-2/*neu* has been the main focus for OC treatment, and its inhibition has become an important therapeutic target in clinically Her-2-overexpressing OC [@B10]. Conversely, Her-4, a member of the EGFR family, is weakly expressed on the ovarian surface, and it has been suggested that Her-4 is decreased in some types of OC [@B11].

Because ethanol (EtOH) intake produces a variety of co-carcinogenic effects and seems to modulate EGFR/PI3K/AKT/MAPK signaling in a dose- and time-dependent manner [@B12],[@B13], the potent combination of induced OC and EtOH intake are of great importance for studying appropriate histological and molecular patterns that are needed to evaluate new chemo protective compounds. Importantly, we have previously developed a useful ethanol-preferring rat model that closely reflects human OC, and, notably, long-term Mel therapy significantly reduced OC masses and the incidence of adenocarcinomas in these animals [@B14].

Mel (*N*-acetyl-5-methoxytryptamine) is an indoleamine produced by the pineal gland at night [@B15]. Mel exert antioxidant, immunomodulatory, and oncostatic functions [@B16], which inhibit the growth of tumor masses. In pharmacological concentrations, Mel showed a strong activity in inhibiting the phosphorylation of PI3K and AKT, thus deregulating this signaling pathway in breast cancer cells [@B17]. Interestingly, pre-treatment with selective PI3K/AKT inhibitors caused a Mel-mediated inhibitory effect on cell proliferation. In H4IIE hepatoma cells, Mel attenuated the phosphorylation of AKT and mTOR induced by hydroperoxide (H~2~O~2~) radical [@B18]. This prevention caused by H~2~O~2~on MAPK and mTOR signaling appears to be mediated via inhibition of *Ras* protein. To date, no study has been proposed to evaluate the effects of Mel therapy upon EGFR signaling pathway in OC.

We therefore aimed to investigate the induced OC and the role of long-term Mel therapy on Her-2- and Her-4-signaling pathway and related downstream molecules (p38MAPK-PI3K-p-AKT-mTOR) in an ethanol-preferring rat model.

Materials and Methods
=====================

Animals and experimental design
-------------------------------

Eighty adult UChB (a model of ethanol-preferring rats that was developed by selective inbreeding) rats, 90-days-old, weighing 230 g, were obtained from the Department of Anatomy, Bioscience Institute/Campus of Botucatu, UNESP - Univ Estadual Paulista. The rats were individually housed in polypropylene cages containing laboratory-grade pine shavings as bedding and maintained under constant room temperature (23±1ºC) and lighting conditions (12-h light/dark cycle, with the lights switched on at 6 a.m.). Filtered tap water and standard rodent chow (3074 SIF, Purina Ltda., Campinas, SP, Brazil) were provided *ad libitum*. All animals were divided into two arms (n = 40/group): EtOH group, in which the rats had access to a 10% (v/v) ethanol solution *ad libitum* (free choice of water or ethanol), and a control group, which was composed of ethanol-naïve rats without access to ethanol. When the ethanol-preferring rats reached 65 days of age, they were given a choice between two bottles containing either water or a 10% (v/v) ethanol solution *ad libitum* over a period of 15 days. The animals displaying EtOH consumption higher than 2.0 g of EtOH/kg/day (ranging from 4 to 5 g of EtOH/kg/day) were selected according to the procedure outlined by Chuffa et al. [@B19],[@B20].

After OC development (260-days-old), the animals (n = 40) designated to receive Mel (M-5250, Sigma-Aldrich, St. Louis, MO, USA) were administered i.p. doses of 200 µg/100 g b.w. dissolved in 0.04 mL of 95% EtOH and then diluted in 0.3 mL of 0.9% NaCl (vehicle) at a steady-state concentration of 0.3 mg/mL. The daily injections were administered nocturnally (between 18:30 - 19:00 h) over the period of 60 consecutive days [@B21].

Lastly, the rats were divided into four groups (n = 20): OC, composed of DMBA-induced animals that did not consume EtOH; OC+EtOH, composed of DMBA-induced animals that consumed 10% (v/v) EtOH during ovarian tumor development (OTD); OC+Mel, composed of DMBA-induced animals that received Mel as therapy; and OC+EtOH+Mel, composed of DMBA-induced animals that consumed 10% (v/v) EtOH during OTD and received Mel as therapy. After the procedures, the females were anesthetized and euthanized by decapitation (during early morning at 4 a.m.) for further sample collection. The present experimental protocol was accepted by the Ethical Committee of the Institute of Bioscience/UNESP (CEEA - Permit Number: 382).

Ovarian tumor induction
-----------------------

After selection for ethanol consumption, all of the animals (n = 80) were anesthetized with 10% ketamine (60 mg/kg, i.p.) and 2% xylazine (5 mg/kg, i.p.) during the estrous phase, and a 2-cm incision was made through the skin and abdominal muscles, and the left ovaries were accessed after grasping the fat pad near the left kidney. The left ovary was injected directly under the mesovarium with a single dose of 100 µg DMBA (Sigma Chemical Co, St Louis, MO) dissolved in 10 µL sesame oil, which was used as the vehicle [@B22] and returned intact to the body cavity. The muscle layer and skin was closed using a 3-0 silk suture (Ethicon Inc., México, MX). Sham-surgery was conducted on the right ovary using only the vehicle. Antibiotic (10^5^ units of benzylpenicillin potassium) was administered i.p. for the prophylactic treatment. Over the next 180 days, tumor development was observed by ultrasonography (size and volume).

Plasma Mel levels
-----------------

After blood collection, Mel was extracted from the plasma (n = 20 samples/group) using HPLC-grade methanol and separated on columns (Sep-Pak Vac C-18, reverse phase, 12.5 nm; Water Corporation, Milford, Massachusetts, USA). Thereafter, 50 µL of reconstituted samples were assayed using a Coat-a-count Melatonin ELISA Kit and immediately read at 405 nm. The intra-assay coefficient of variation was 4%, and the samples were assayed at the same time in duplicate. All reagents and microtiter plates were provided by IBL (IBL International, Hamburg, Germany), and the concentrations were reported as pg/mL.

Immunohistochemistry
--------------------

Sections of OC (n = 10/group) were deparaffinized in xylene based on the areas previously identified during the morphological characterization. Tissue sections were microwaved (700-800 W) while immersed in 0.01 M sodium citrate buffer, pH 6.0, for antigen retrieval. After blocking endogenous peroxidase activity, the tissues were incubated with 3% BSA for 1 h to avoid non-specific binding. Subsequently, OC sections were incubated in a humid chamber overnight at 4º C with primary antibodies (Abcam, Cambridge, UK): rabbit polyclonal anti-Her-2 (1:100), rabbit monoclonal anti-Her-4 (1:100), rabbit polyclonal anti-p38MAPK (1:50), rabbit polyclonal anti-PI3K (1:100), rabbit monoclonal anti-mTOR (1:250), rabbit monoclonal anti-phospho-AKT (1:200). After immunoreactions, the slides were washed in TBS-T buffer and incubated with secondary antibody (Polymer Anti-Mouse IgG or Anti-Rabbit - DAKO ® CYT) at room temperature for 1h. Then, the slides were reacted with chromogen diaminobenzidine (DAB; Sigma, St. Louis, MO, USA) for 5 min. Lastly, sections were counterstained with hematoxylin. Negative controls were made by omitting the primary antibody. IHC results were analyzed under a Zeiss Axiophot II microscope (Carl Zeiss, Oberkochen, Germany) based on the levels of staining intensity as absent, weak, moderate, and strong reactions.

Immunofluorescence assays
-------------------------

OC cells were washed with phosphate-buffered saline (PBS, sodium chloride, potassium chloride, dihydrogen phosphate, and disodium hydrogen phosphate), fixed in 4% paraformaldehyde for 10 min, and permeabilized with PBS at room temperature. Nonspecific binding sites were blocked with 1% bovine serum albumin (BSA, 1%) for 60 min. Samples were incubated with anti-Her-2 primary rabbit polyclonal antibody (dilution 1:100, overnight at 4º C) followed by secondary polyclonal anti-rabbit IgG conjugated to FITC (1:200, sc-2012, Santa Cruz Biotechnology Inc., CA, USA) for 1 h at room temperature. Nuclei were stained with 6-diamidino-2-phenylindole (DAPI, 5 min) at room temperature. Primary and secondary antibodies were diluted in blocking buffer (1% BSA). For negative immunolabeling, no primary antibody was added. Immunopositive cells were analyzed using a fluorescence microscope (Zeiss Axiophot II, Oberkochen, Germany) at 40X magnification (excitation 590 nm; emission filter 650 nm) and for DAPI staining (excitation 365 nm; emission filter 435-485 nm). The quantification of fluorescence in merged images was performed using the Image J.

Immunoblots
-----------

OC samples were rapidly removed, and 100 mg tissues were frozen in liquid nitrogen and stored at - 80ºC. The tissues were microdissected (only areas containing serous papillary tumors were obtained) and homogenized with 10X RIPA lysis buffer (Pierce Biotechnology, Rockford, IL, USA) supplemented with a cocktail of protease inhibitors. Aliquots of 1:10 (v/v) dilutions of Triton X-100 were added to the homogenates, and samples were placed on dry ice for 2 h to improve extraction. Lysates were centrifuged at 21,912 g for 20 min at 4ºC to remove insoluble material, and total protein was measured through colorimetric determination. All proteins were dissolved in 1.5 X Laemmli buffer and used for SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA). The same amount of protein (70 µg) was loaded per well and resolved into preformed 4-12% acrylamide gradient gels (Amersham Biosciences, Uppsala, Sweden) using a Tris-glycine running buffer electrophoresis system (60 mA, fixed for 2 h). After electrophoresis, proteins were electro-transferred (200 mA, fixed for 1.5 h) onto nitrocellulose membranes in a Tris-glycine-methanol buffer. Prestained standards (Bio-Rad, Hercules, CA, USA) were used as molecular weight markers. Thereafter, the membranes were blocked with TBS-T solution containing 3% BSA at room temperature (RT) for 60 min and incubated at 4ºC overnight with the following antibodies (1:500 in 1% BSA): Her-2, Her-4, p38MAPK, PI3K, phospho-AKT, and mTOR (Abcam, Cambridge, UK). This treatment was followed by sequential washings in TBS-T solution and incubation for 2 h at RT with rabbit HRP-conjugated secondary antibodies (diluted 1:1000 in 1% BSA). After washing in TBS-T, signals were developed using an ECL detection kit (Thermo Scientific). Immunoreactive bands were obtained from individual blots of 10 rats/group using image analysis software (NIS-Elements, Advanced Research, Nikon). β-actin were used as endogenous positive controls, and the results were expressed as the mean ± SD. Immunoblotting concentrations (%) were represented as optical densitometry values (band intensity-pixels).

Statistical analysis
--------------------

The values are presented as the mean ± SD, and data analyses were performed using two-way ANOVA for two independent factors (EtOH consumption and Mel therapy). Significant results were subjected to *post-hoc* testing using Tukey\'s test, and statistical significance was set at P \< 0.05. *Sigma Plot Version 12.5* graphing software was used.

Results
=======

The combination of EtOH intake with DMBA promoted a high incidence of OC after 140 days of age (Fig. [1](#F1){ref-type="fig"}A); all differential stages of OC (from 4 to 25 weeks after induction) were recorded during the development (Fig. [1](#F1){ref-type="fig"}B), and no evidence of altered macroscopic phenotype was observed following EtOH consumption.

To validate the treatment, plasma Mel levels were measured at 30- and 60-day treatment, and efficiently, OC+Mel and OC+EtOH+Mel groups showed increased levels of circulating Mel (Fig. [2](#F2){ref-type="fig"}). In response to Mel therapy, the expression and immunostaining of Her-2 was decreased in the OC+Mel group (1.59-fold reduced vs. OC group) and in the OC+EtOH+Mel group (1.33-fold reduced vs. OC+EtOH group) in serous papillary OC (Fig. [3](#F3){ref-type="fig"} A-D, I, J). In contrast, the expression of Her-4 was unchanged along the treatments (Fig. [3](#F3){ref-type="fig"} E-H, I, K). Immunofluorescence assays detected the level and localization of Her-2 in OC cells. Mel therapy resulted in downregulation of Her-2 expression (Fig. [3](#F3){ref-type="fig"} L, M; fluorescence level reduced from 88% ± 9.2 (OC) to 46% ± 11.6 (OC+Mel)). Interestingly, EtOH intake significantly increased Her-2 levels in OC, and Mel therapy drastically decreased these levels (Fig. [3](#F3){ref-type="fig"} N, O; fluorescence level reduced from 113% ± 13.2 (OC+EtOH) to 63% ± 10.1 (OC+EtOH+Mel)).

To investigate the effects of Mel upon Her-2-signaling pathway, the downstream molecules p38 MAPK, PI3K, p-AKT, and mTOR were measured in OC tissues. Curiously, Mel therapy downregulated p38 MAPK in the groups OC+Mel (1.46-fold reduced vs. OC; Fig. [4](#F4){ref-type="fig"} A, B, Q, R) and OC+EtOH+Mel (1.29-fold reduced vs. OC+EtOH; Fig. [4](#F4){ref-type="fig"} C, D, Q, R). While no significant differences (P \> 0.05) were found in the expression of PI3K over the treatments (Fig. [4](#F4){ref-type="fig"} E-H, Q, S), Mel therapy efficiently downregulated p-AKT in the groups OC+Mel (1.45-fold reduced vs. OC; Fig. [4](#F4){ref-type="fig"} I, J, Q, T) and OC+EtOH+Mel (1.24-fold reduced vs. OC+EtOH; Fig. [4](#F4){ref-type="fig"} K, L, Q, T). In addition, Mel therapy reduced the expression of mTOR in the OC+Mel group (1.37-fold reduced vs. OC; Fig [4](#F4){ref-type="fig"} M, N, Q, U), but not in the presence of EtOH (P \> 0.05; Fig [4](#F4){ref-type="fig"} O, P, Q, U). Briefly, Figure [4](#F4){ref-type="fig"} V indicates the positive or negative regulatory signals produced by Mel therapy or EtOH intake on Her-2 activation, and related downstream molecules (p38 MAPK, p-AKT, mTOR) in the \"in vivo\" OC cell.

Discussion
==========

We have previously reported that Mel therapy efficiently reduced OC masses (size and volume) as well as the incidence of some adenocarcinomas in ethanol-preferring animals [@B14]. Here, our results supported a slight increase of circulating Mel during the treatment in both Mel-treated groups at night, even in the presence of EtOH. Notably, this is the first study to demonstrate that Mel therapy negatively regulated the expression of Her-2, p38 MAPK, p-AKT, and mTOR, but not Her-4 and PI3K levels in OC of ethanol preferring-rats.

Dysregulated Her-2 signaling in OC results from either gene amplification or overexpression and promotes faster cell growth, improved DNA repair, and increased colony formation [@B23],[@B24]. It is associated with an elevated risk of progression and death among women with both early and late stages of disease, and furthermore, high expression of Her-2 is assumed to cause resistance to endocrine therapies and chemotherapies [@B9]. Mel therapy significantly reduced the expression and immunostaining of Her-2, which would appear to make Mel an attractive molecule for targeted immunotherapies in patients with Her2-positive OC. Although Mel can mobilize antitumor immune responses [@B14], it also functions by disrupting Her-2 signaling in primary ovarian carcinomas [@B25]. Despite a lower expression of Her-4 has been observed in OC cells, no effect of Mel therapy was found along the experimental groups. In breast cancer cells (MCF-7/6 and MCF-7/Her2.1 lineages), melatonin at doses of 10^-9^ M showed a suppressive effect on the growth of these cells [@B26]. According to previous studies, overexpression of Her-2/neu and activation of the Her2/neu signaling pathway increases receptor tyrosine phosphorylation, thus producing effects on cellular transformation [@B27], and can constitutively activate p38 MAPK [@B28], while promoting OC cell invasion and metastasis.

Regulation of MAPKs by Mel has been observed in several cell types, including the CRL 1999 and NCI-H292 cells, where Mel has been reported to inhibit the phosphorylation of ERK1/2 and JNK (c-Jun N-terminus kinase) [@B29],[@B30]. Surprisingly, we found that Mel therapy efficiently reduced the expression of p38 MAPK, p-AKT, and mTOR in OC cells. Importantly, downregulation of the p38 MAPK as well as Her-2-related downstream molecules, such as AKT and mTOR, may prevent the OC cells to proliferate, migrate, and metastasize [@B31]. In this context, positive Her-2-expressing ovarian tumors may be eligible for Mel treatment. Nevertheless, whether Mel affect directly or indirectly these downstream molecules remains unclear, and may be investigated in future studies.

In this experimental model of animals bearing OC, Mel therapy significantly downregulated Her-2, p38MAPK, and p-AKT even in the presence of EtOH consumption. Indeed, EtOH *per se*is associated to the activation of intracellular signaling that lead to p38MAPK and PI3K phosphorylation [@B32], thus promoting a beneficial microenvironment to the OC cell. Activation of EGFR by the EtOH was inversely correlated to the expression of cell adhesion proteins, such as E-cadherins, which can promote cell migration, and further tumor progression, in a dose- and tissue-dependent manner [@B33]. Because no suppression of EtOH intake was observed, we suggest that Mel directly affected the metabolism of EtOH, which indirectly was reflected by downregulation in Her-2-signaling pathway. Although mTOR expression seems to be unaffected by EtOH intake, Mel therapy significantly inhibited their expression in experimental OC. Recent evidences have reported that Mel induces downregulation of the phosphorylation of mTOR and AKT, thus attenuating the expression of survival genes, such as McL-1, Bcl-xL, cyclin D1, and cyclin E in treated MDA-MB-231 breast cancer cells [@B34], and in hepatoma H22 cells [@B35]. Also reinforcing our findings, Wang et al. [@B17] showed that pharmacological concentrations of Mel are able to cause inhibition of the PI3K/AKT phosphorylation in breast cancer. Moreover, previous treatment with selective inhibitors of the AKT blocked the Mel-mediated inhibition on cell proliferation. In this context, we launched first evidence indicating that Mel, when administered at pharmacological doses, may partially act through the same mechanism in OC cells.

The relationship between oxidative stress and the antioxidative properties of Mel have been well documented [@B21],[@B36], and high production of reactive oxygen species (ROS) is strongly associated to cell damage and cancer. Notably, Mel treatment has prevented many of the H~2~O~2~-induced alterations in the MAPK and mTOR signaling pathways in H4IIE hepatoma cells [@B18]. Despite the well known effect of Mel as ROS scavenger and by exerting antitumor activities, the exact role of Mel on Her-2-related PI3K/AKT/mTOR signaling pathway in the process of cancer progression still need to be further investigated.

In summary, the present study investigated the cross-talk between the Her-2- and Her-4 system and Mel therapy in an ethanol-preferring rat model for OC. Although Mel has unaffected the Her-4, it is able to promote downregulation of the Her-2 and related downstream molecules, such as p38 MAPK, p-AKT, and mTOR in these animals bearing OC. Furthermore, Mel therapy was efficient in reducing Her-2, p38 MAPK, and p-AKT in OC of ethanol-drinking animals. Overall, these findings indicate that the inhibition of Her-2 signaling by Mel may critically be involved with their antitumor effect in aggressive OC, thus suggesting Mel as an adjuvant drug for OC chemotherapies.
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![**Development of OC. (A)** Cumulative incidence of OC from 80 to 180 days post-DMBA injection. The combination of EtOH with DMBA showed a significant incidence (%) of tumor development from 140 to 180 days post OC induction. **(B)** Anatomopathological specimens of OC from 4 week (wk) until 25 wk after tumor induction. Bar = 5 mm, ^\*^ P \< 0.05.](jcav05p0728g001){#F1}

![**Plasma melatonin levels (pg/mL).** Concentration of Mel prior to treatment initiation (day 0) and at 30 and 60 days of treatment in all experimental groups (n=10/group). ^a^ P \< 0.05 versus Group OC and ^b^ P \< 0.05 versus Group OC+EtOH.](jcav05p0728g002){#F2}

![**Immunohistochemical/fluorescence localization and Western blot analysis of Her-2 and Her-4 in serous papillary OC**. The immunoreaction of Her-2 was intense in the surface epithelium of the OC (A) and OC+EtOH (C) groups (arrows), but not in the stroma. Absence of reaction to Her-2 was observed in the OC+Mel (B) group (arrow), while a weak Her-2 reaction appeared in the epithelium of the OC+EtOH+Mel (D) group (arrow). A moderate Her-4 reaction was similar in the epithelium of the OC (E), OC+Mel (F), OC+EtOH (G), and OC+EtOH+Mel (H) groups (arrow). Bar = 20 µm. Negative controls were used. (I) Representative Her-2 and Her-4 profiles of extracts (70 µg protein) pooled from 10 samples/group (upper panel). (J-K) Extracts obtained from individual animals were used for densitometric analysis of the Her-2 and Her-4 levels following normalization to the β-actin. All results are expressed as the mean ± SD (n = 10). ^a^ P \< 0.05 versus OC; ^b^ P \< 0.05 versus OC+EtOH. (L-O) Merged images of the immunofluorescence of Her-2 and DAPI nuclear staining in OC (L), OC+Mel (M), OC+EtOH (N) and OC+EtOH+Mel (O); details of the cell receptor staining (Alexa fluor® 488, Bar = 10 µm).](jcav05p0728g003){#F3}

![**Immunohistochemical localization and Western blot analysis of p38 MAPK, PI3K, p-AKT, and mTOR in serous papillary OC.** The immunoreaction of p38 MAPK was moderate in the OC (A) and OC+EtOH (C) groups while a weak reaction was observed in OC+Mel (B) and OC+EtOH+Mel (D) animals (arrow). Immunoreaction of PI3K was only moderate to weak in the surface epithelium of the OC (E) and a weak reaction was notable in the OC+Mel (F), OC+EtOH (G) and OC+EtOH+Mel (H) groups (arrow). A strong reaction to p-AKT was present in the papillae epithelium of the OC (I) and OC+EtOH (K) groups (arrows). The OC+Mel (J) and OC+EtOH+Mel (L) groups showed moderate and weak signals, respectively, for p-AKT (arrows). Reaction of mTOR was only weak in the OC+Mel (N) group, in contrast to moderate to high signals in the OC (M), OC+EtOH (O), and OC+EtOH+Mel (P) grups. Bar = 20 µm. Negative controls were used. (Q) Representative p38 MAPK, PI3K, p-AKT, and mTOR profiles of cytosolic extracts (70 µg protein) pooled from 10 samples/group (upper panel). (R-U) Extracts obtained from individual animals were used for densitometric analysis of the proteins following normalization to house-keeping genes (β-actin). All results are expressed as the mean ± SD (n = 10). ^a^ P \< 0.05 versus OC; ^b^ P \< 0.05 versus OC+EtOH. (V) Schematic representation of the EGFR/Her-2 signaling pathway leading to the activation of downstream molecules in OC cell. This activation occurs after the ligand binds to its specific receptor. Intracellular signaling results in the phosphorylation of PI3K, AKT, mTOR, S6k1, and ras. Lastly, p38 MAPK and S6k1 may be translocated to the nucleus to promote the transactivation of target genes related to inflammation, apoptosis, differentiation, and cell proliferation. Her-2, p38 MAPK, and p-AKT are downregulated by Mel and/or EtOH+Mel. Mel therapy also negatively regulated mTOR expression in OC.](jcav05p0728g004){#F4}
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